Introduction IFO, a DNA alkylating agent, is used in numerous cancer chemotherapeutic regimens. It is the structural isomer of the more commonly used anti-neoplastic and immunosuppressive agent, CPA (Zhang et al., 2006) . Toxicities associated with IFO treatment limit its use, even though the drug has proven more effective than CPA in a wide range of malignant diseases (Buda et al., 2003; Sorio et al., 2003; Donfrancesco et al., 2004; Pocali et al., 2004; Biagi et al., 2005; Kosmas et al., 2007) . IFO-induced toxicities include moderate-to-severe nephrotoxicity, which occurs in ~30% of the patient population, and neurotoxicities, which occur in ~20% of the patient population (Loebstein et al., 1999; Klastersky, 2003; McCune et al., 2005) . IFO treatment is also associated with life-threatening arrhythmias, heart failure and severe encephalopathy (Zhang et al., 2006) . Since IFO-associated toxicities are believed to be due to metabolites of the drug, improving our knowledge of IFO metabolism and its determinants may aid in patient treatment and expand the use of IFO to a broader range of disease states and patient populations.
IFO is a prodrug which is activated via hydroxylation on the 4′ carbon by P450s (Sladek, 1988) . CYP2B6, CYP3A4, and CYP3A5 are the primary P450s responsible for the activation of IFO. However, CYP2C9 and CYP2C19 may also play a role in the activation (Roy et al., 1999; Huang et al., 2000) . After hydroxylation, IFO undergoes a series of spontaneous events to produce the active metabolite, ifosfamide mustard and equimolar amounts of acrolein (Figure 1 ).
In our studies, as well as others, acrolein measurement is used to analyze the activation of ifosfamide (Chang et al., 1993; Huang et al., 2000; Chen et al., 2004) . In addition, IFO may be N-dechloroethylated by CYP2B6, CYP3A4, and CYP3A5 (Roy et al., 1999; Huang et al., 2000) , ultimately leading to the inactivation of IFO and formation of the nephro-and neurotoxic
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This article has not been copyedited and formatted. The final version may differ from this version. DMD Fast Forward. Published on May 1, 2015 as DOI: 10.1124 at ASPET Journals on dmd.aspetjournals.org Downloaded from metabolites, 2-dechloroethylifosfamide or 3-dechloroethylifosfamide and equimolar amounts of chloroacetaldehyde (CAA). Figure 1 depicts the primary pathways for IFO metabolism. It is estimated that 25-60% of IFO is N-dechloroethylated in humans whereas only 10% of CPA undergoes this reaction (Bruggemann et al., 1997; Carlson et al., 1998; Borner et al., 2000) . It has been suggested that elevated circulating levels of CAA in IFO-treated patients are responsible for the development of IFO-specific nephrotoxicity (Woodland et al., 2000; Dubourg et al., 2001; Aleksa et al., 2004) . In vitro studies indicate that the minimum toxic concentration of CAA is 500 µM, which is well above the circulating levels of CAA in IFO-treated patients (0.5 -109 µM) (Kurowski and Wagner, 1993; Mohrmann et al., 1993; Springate et al., 1999; Dubourg et al., 2001 ). Thus, organ-specific toxicities are suggested to be due to Ndechloroethylation of IFO at the organ of interest, which would increase local tissue concentrations of CAA to potentially toxic levels (Aleksa et al., 2004; McCune et al., 2005) .
Tissue expression of the P450s is highly variable; for instance, in the kidney CYP3A5 is highly expressed, while CYP3A4 is not (Haehner et al., 1996; Wrighton et al., 2000; Koch et al., 2002) .
Therefore, CYP3A5 has been suggested to play a more prominent role than other P450s in IFOinduced nephrotoxicity. Our studies have focused on characterizing the catalytic abilities of the P450s to ascertain the potential roles of specific P450s in IFO metabolism.
Several studies have suggested that CAA is primarily responsible for IFO-induced toxicities (Woodland et al., 2000; Dubourg et al., 2001) . Therefore, suppression of CAA formation by favoring hydroxylation over N-dechloroethylation of IFO may improve efficacy and reduce adverse events. Previously this approach has been referred to as "metabolic switching" (Ludeman, 2012) . In this report, we have examined the ability to initiate metabolic switching of IFO. IFO was synthesized with deuterium at the alpha and alpha′ carbons ( Figure 6 2) in order to impede N-dechloroethylation and thereby enhance hydroxylation of the drug. The in vitro metabolism of deuterated IFO (d4IFO) was compared with the metabolism of IFO.
We report here that deuteration of IFO resulted in enhanced hydroxylation and reduced N-dechloroethylation for all of the P450s tested (CYP2B6, CYP2C9, CYP2C19, and CYP3A4).
Although the differences between d4IFO metabolism and IFO metabolism were moderate, a trend towards metabolic switching is apparent. In order to more thoroughly investigate IFO and d4IFO metabolism, the polymorphic variants of CYP2B6 (CYP2B6*4, CYP2B6*6-*9) and CYP2C9 (CYP2C9*2 and CYP2C9*3) were assessed for hydroxylation and Ndechloroethylation of IFO and d4IFO. These studies revealed differences in the catalytic rates of the polymorphic variants for both pathways and for both IFO and d4IFO. In brief, CYP2B6*4 and CYP2B6*6 exhibited decreased activation and inactivation for both drugs while CYP2B6*7 and CYP2B6*9 exhibited increased activation and inactivation as compared to the wild type enzymes. d4IFO was more readily activated by the variants than IFO without being inactivated (d4IFO inactivation was only observed with wild type CYP2B6). The differences observed for the CYP2C9 variants were very small. These findings may relate to patient outcomes with IFO treatment since CYP2B6 is largely responsible for the inactivation of IFO in vivo (Yu and Waxman, 1996) .
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Materials and Methods

Materials
phosphocholine, L-α-phosphatidylserine, acrolein, CAA, 3-aminophenol, and adenosine were all purchased from Sigma Aldrich (St. Louis, MO). Pooled HLM were purchased from BD Biosciences (San Jose, CA). d4IFO was prepared as described previously and NMR analysis confirmed the positions of deuteration (Springer et al., 2007) . All other reagents were reagent grade and purchased from commercial sources.
cDNA Expression and Purification of Human P450s, P450 Polymorphic Variants, and Rat Cytochrome P450 Reductase. Polymorphic variants of CYP2B6 (CYP2B6*4, CYP2B6*6-CYP2B6*9) were over-expressed in E. coli C41 (DE3) cells and purified as described previously (Zhang et al., 2011) . All P450s were expressed as their N-terminally truncated forms to increase the expression yields (Jenkins et al., 1998; Scott et al., 2001) . Rat cytochrome 450 reductase was expressed and purified as previously described (Hanna et al., 1998) . CYP3A5 was a gift from Dr. James Halpert (UCSD), and CYP2C9*2 and CYP2C9*3 were gifts from Dr. Tim Tracy (University of Kentucky) (Domanski et al., 2001; Hustert et al., 2001; Hummel et al., 2005) .
Assay for the Metabolism of IFO and d4IFO. The metabolism of IFO and d4IFO by the human P450s was carried out in a reconstituted system. The reconstituted system consisting of P450 and CPR in a 1:2 molar ratio was incubated for 30 min at 20°C.
Dilauroylphosphatidylcholine was not used in the reconstituted systems containing CYP2B6, CYP2C9, or CYP2C19 because it was not required for catalysis (data not shown). For the reactions catalyzed by CYP3A4 and CYP3A5, a mixture of L-α-dilauroyl-phosphocholine, L-α-dioleyl-sn-glycero-3-phosphocholine, and L-α-phosphatidylserine (1:1:1) were included in the
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This article has not been copyedited and formatted. The final version may differ from this version. were incubated at 37°C for 4 min followed by the addition of 5 µL of NADPH (final concentration of 1 mM) to initiate the reaction. After incubation at 37°C for 30 min, the reactions were terminated by the addition of 40 µL of ice-cold 5.5% zinc sulfate, 40 µL of icecold saturated barium hydroxide, and 20 µL of ice-cold 0.01M HCl as described previously . The samples were centrifuged for 10 min at 13,200 rpm and kept on ice prior to derivatization and quantification by HPLC. isocratically with 20% methanol in 0.1% phosphoric acid at a flow rate of 0.5 mL/min. Elution of 7-hydroxyquinoline occurred at 3.2 min as monitored fluorometrically at 515 nm with excitation of 350 nm . Calibration curves for acrolein quantification were generated by incubation of acrolein standards in the reaction mixtures containing no substrate or NADPH. The standard curve was linear in the range of 0.5-100 µM acrolein.
IFO Metabolism by
To detect CAA, 60 µL of the reaction mixture was incubated with 10 µL of 100 mM adenosine in 0.25 N HCl and 10 µL of 2 M sodium acetate (pH 4.5) for 2.5 hours at 80°C.
Under these conditions, CAA was derivatized to yield the fluorescent product, 1-Nethenoadenosine ). The derivatized sample was then resolved on an Agilent C 18 column (Zorbax SB, 3.0 x 150 mm, 5 µM, Agilent Technologies) with a mobile phase of 20% methanol in water and it was eluted isocratically with a flow rate of 0.5 mL/min.
1-N-ethenoadenosine was monitored fluorometrically at 411 nm with excitation at 270 nm. The derivatized product eluted at 12.7 min. Calibration curves for CAA quantification were generated by incubation of CAA standards in reaction mixtures containing no substrate or NADPH. The standard curve was linear from 0.5-150 µM CAA.
Data Analysis. Data were analyzed using GraphPad Prism software (GraphPad Software, Inc.).
The parameters for the enzyme kinetics were determined using non-linear regression analysis, specifically Michaelis-Menten analysis in GraphPad Prism. Statistical significance was determined using an unpaired t-test in GraphPad Prism.
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Metabolism of Ifosfamide and Deuterated Ifosfamide by Wild Type Human Cytochrome
P450s. The ability of the wild type P450s (CYP2B6, CYP2C9, CYP2C19, CYP3A4, and CYP3A5) to catalyze the activation of IFO and d4IFO was investigated in the purified reconstituted system. Figure 3 shows the kinetic data that were generated using CYP3A4.
Similar data were obtained for most of the other human P450s; these data are not shown, but they are summarized in Table 1 . Of the P450s tested, CYP2C9 had the least amount of activity for the metabolism of IFO. Kinetic values for CYP2C9-mediated IFO metabolism could not be determined. Previous reports have indicated that CYP3A4 is the most efficient P450 for the activation of IFO (Roy et al., 1999; Huang et al., 2000) . However our, results suggest that CYP3A4 has relatively moderate efficiency for this reaction (V max /K m = 0.4 min -1 mM -1 ) ( Figure   3 and Table 1 ). CYP3A5 exhibited the highest catalytic efficiency for the activation of IFO (V max /K m = 2.5 min -1 mM -1 ), and the lowest V max value (0.1 pmol/min/pmol P450). CYP2C19
was the next-most efficient P450 for the activation of IFO (V max /K m = 0.9 min -1 mM -1 ).
CYP2B6 exhibited the largest V max (3.8 pmol/min/pmol P450), which is 38-fold higher than that of CYP3A5. Similar kinetics were observed for d4IFO (Table 1 and Figure 3 ). Most notably, the K m for activation by CYP2B6 was lower for d4IFO than IFO, resulting in a more efficient reaction. Similarly the K m of CYP3A4 for d4IFO activation was reduced by a factor of 3, resulting in a more efficient reaction as well.
The amount of inactivation of IFO and d4IFO by the P450s was investigated in the same samples described above and evaluated for the production of the inactive metabolite CAA (Table 1) .
CYP2C9 and CYP2C19 did not catalyze the inactivation of either IFO or d4IFO. CYP2B6 was approximately 4-fold more efficient at the inactivation of IFO than any of the other P450s tested,
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This article has not been copyedited and formatted. The final version may differ from this version. and this held true for d4IFO as well (Table 1) . Interestingly, the V max values for the inactivation of d4IFO by CYP2B6 and CYP3A4 were reduced compared with IFO, resulting in reduced efficiency for the inactivation of d4IFO compared to IFO for these P450s.
Metabolism of Ifosfamide and Deuterated Ifosfamide by the Polymorphic Variants of
CYP2B6 and CYP2C9. The polymorphic variants of CYP2B6 and CYP2C9 were examined for their ability to catalyze the activation of IFO and d4IFO. The polymorphic variants exhibited variable activation of IFO when compared to the wild type forms ( Figure 4A ). CYP2B6*7 and CYP2B6*9 produced nearly 3-fold more acrolein than CYP2B6*1 at 1 mM IFO. However, the common polymorphic variants CYP2B6*4 and CYP2B6*6 produced approximately half of the acrolein that wild type CYP2B6 produced. With regards to the activation of d4IFO, the polymorphic variants followed a trend similar to that observed for the activation of IFO but consistently produced more of the activated metabolite from d4IFO than from IFO (Table 2 ).
For CYP2B6*1 and CYP2B6*7 this enhancement was statistically significant. The variants of CYP2C9 exhibited small variations in catalyzing IFO activation. As with the CYP2B6 variants, the activation of d4IFO by CYP2C9*2 and CYP2C9*3 followed the same pattern of variation as for IFO but with significantly higher levels of activated metabolite produced ( Table 2 ).
The inactivation of IFO and d4IFO by these polymorphic variants was also assessed using the same samples described above. All of the polymorphic variants of CYP2B6 tested produced less of the inactivated metabolite than wild type CYP2B6 ( Figure 4B ). In fact, the pathway leading to the inactivation of d4IFO by the CYP2B6 variants was essentially abolished.
CYP2C9 catalyzed the inactivation IFO to a small extent, but its variants also failed to produce the inactive metabolites for both IFO and d4IFO (Table 2) .
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The inhibition of CYP3A4 by ketoconazole reduced IFO activation by approximately 85% at both IFO concentrations. Inhibition of CYP2B6 by clopidogrel inhibited the activation of IFO by 67% and 47% at 1 mM and 10 mM IFO, respectively.
IFO inactivation by HLM was also monitored. Incubation with ketoconazole resulted in a decrease of almost 90% in CAA production at both IFO concentrations ( Figure 5B ). Inhibition of CYP2B6 by clopidogrel decreased the inactivation of IFO by approximately 40% at both concentrations.
Discussion
We have used the purified reconstituted system to assess the contributions of CYP2B6, CYP2C9, CYP2C19, CYP3A4, CYP3A5 and several commonly occurring polymorphic variants of CYP2B6 and CYP2C9 to the hydroxylation and the N-dechloroethylation of IFO. We also investigated deuterium isotope effects on the metabolism of IFO. Michaelis-Menten kinetic values have been determined for all of the wild type P450s in the reconstituted system, allowing for accurate comparisons between the efficiencies of the enzymes for the activation and inactivation of both IFO and d4IFO. This is the first time that CYP2C9, CYP2C19, and CYP3A5 have been evaluated for both reactions in this manner. Additionally, this is the first investigation of the metabolism of IFO by the polymorphic variants of CYP2B6 and CYP2C9.
The K m values for the CYP2B6-and CYP3A4-mediated activation of IFO are similar to those previously reported (Table1) (Roy et al., 1999; Huang et al., 2000) . In our hands, CYP2B6 yielded a larger V max than that of CYP3A4, resulting in a higher efficiency for this reaction (V max /K m for CYP2B6 = 0.8 min -1 mM -1 versus 0.4 min -1 mM -1 for CYP3A4). This observation is in contrast with previous studies that analyzed the activation of IFO using Supersomes, where it was found that CYP3A4 was the most efficient enzyme for this reaction (Roy et al., 1999; Huang et al., 2000) . This discrepancy is likely a result of the different expression systems used in the two studies and the potential effect of b5 which was present in previous studies, but not in our experiments. During preliminary optimization experiments we examined the effect of b5 by adding it to the reconstitution mixture at a range of ratios (0.5:1.0:0.25 to 0.5:1.0:2.0; P450:CPR:b5). We observed little enhancement in the activation of IFO for all of the P450s, with the exception of CYP3A4, where absolutely no change was detected (data not shown).
Therefore, b5 was not included in our optimized studies. Of the P450s tested, CYP3A5 had the
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This article has not been copyedited and formatted. The final version may differ from this version. (Boddy et al., 1996; Highley et al., 1997) and the inactivation of d4IFO (V max /K m = 0.03 min -1 mM -1 ) was approximately 25% less efficient than for IFO (V max /K m = 0.04 min -1 mM -1 ). Thus, a >2-fold change in the ratio of activation to inactivation of IFO by CYP3A4 was observed. The deuterium isotope effects reported may be a viable tool to enhance the therapeutic efficacy and reduce the adverse effects of IFO. 25-60% of IFO is metabolized to the inactivated and toxic metabolites dechloroethylifosfamide and chloroacetaldehyde. Utilizing d4IFO may inhibit the formation of these toxic metabolites (Bruggemann et al., 1997; Carlson et al., 1998; Borner et al., 2000) .
Additional studies with d4IFO to address the effect of the deuterium isotopes on the DNA alkylating properties of the phosphoramide mustard of IFO merit further investigation.
The polymorphic variants of CYP2B6 and CYP2C9 exhibit altered catalytic activities for both the activation and inactivation of IFO and d4IFO as compared with the wild type P450s.
This article has not been copyedited and formatted. The final version may differ from this version. Lamba et al., identified differences among genders and ethnic groups in CYP2B6 activity with 3.6-and 5.0-fold higher levels in Hispanic females than in Caucasian or African-American females (Lamba et al., 2003) . The polymorphic variants CYP2B6*4 (K262R) and CYP2B6*6 (Q172H/K262R) had reduced activation and inactivation of IFO as compared to CYP2B6*1.
Other polymorphic variants CYP2B6*7 (Q172H/K262R/R487C) and CYP2B6*9 (Q172H) produced more of the activated metabolite of IFO and less of the inactivated metabolite of IFO than the wild type enzyme. This is interesting in light of studies performed with the structural analog CPA, where Ariyoshi et al. demonstrated that CYP2B6*4 had reduced activation and conversely CYP2B6*6 had enhanced activation of CPA (Ariyoshi et al., 2011) . The authors concluded that the Q172R variant is capable of reinstating the activity that was lost by the introduction of the K262R mutation. With IFO this was not the case, but the addition of a third single nucleotide polymorphism (R487C in CYP2B6*7) did fully reverse the effects of the first polymorphisms. This is the first evidence that a third point mutation in CYP2B6 can reverse the direction of the effect caused restore activity that was lost by the Q172H and K262R mutations.
The polymorphic variant CYP2B6*8 was also investigated and determined to be catalytically inactive with IFO, as expected (data not shown) (Zhang et al., 2011) . The polymorphic variants for CYP2C9 exhibited relatively small variations in catalytic efficiency compared with CYP2C9*1.
In following with our observations of the wild type enzymes, the activation of d4IFO was comprises 30-50% of all hepatic P450 enzymes, which may explain the ability of CYP3A4 to significantly contribute to the inactivation of IFO in HLM in spite of its lower catalytic efficiency for this reaction (Shimada et al., 1994) . Thus, we were unable to easily separate the activation and inactivation pathways with our experimental setup.
In summary, we determined that the P450s CYP3A5 and CYP2C19 play significant roles in the metabolism of IFO. Furthermore, the polymorphic variants of CYP2B6 and CYP2C9
This article has not been copyedited and formatted. The final version may differ from this version. for all of the P450s tested are summarized in Table 1 . IFO (blue) or d4IFO (red) (1 mM) was incubated in the reconstituted system with 1 µM P450 for 30 min at 37°C. Half of each sample was analyzed for acrolein to determine the rate of activation of IFO for each of the polymorphic variants (A). The other half of each sample was analyzed for CAA
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This article has not been copyedited and formatted. The final version may differ from this version. Figure 4 are summarized here. Data are expressed as metabolite formation in pmol/min/pmol P450, and the metabolite production compared to wild type metabolite production in terms of fold change. Also, the percent increase or decrease of the metabolite produced from d4IFO compared to IFO is given. The data were determined in triplicate. Statistical significance was determined using the unpaired t-test in Prism 6 (GraphPad Inc.). 0 ± 0 0.0 0 ± 0 0.0 N/A † P <0.05; † †P <0.01; † † † P ,0.005 for comparisons within polymorphic variants * P <0.05; ** P <0.01; *** P <0.005 for comparisons between IFO and d4IFO a Mean ± S.E.M. N/A no metabolite was detected with IFO, therefore percent change could not be calculated.
P450
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